Introduction {#s1}
============

Sleep is a fundamental circadian behavior that has fascinated scientists for centuries. Although its functional role is still enigmatic, sleep has a powerful influence on behavior, mental health, cognition, and different physiological functions in vertebrates \[[@B1]--[@B4]\].

Sleep is not a unitary process. It involves systematic transitions between different levels of brain activity. The initiation of sleep is characterized by the gradual development of high-amplitude low-frequency activity in the forebrain and lowered muscle tone (non-REM or slow wave sleep: SWS) that eventually progresses into a paradoxical brain state characterized by low voltage fast frequency activity in the cortex and hippocampal theta activity accompanied by a generalized muscle atonia and rapid eye movements (REM).

The major anatomical brain structures that act as key players in the determination of the sleep/wake cycles have been identified (mesopontine nuclei, tuberomammillary bodies, locus coeruleus, raphe nucleus, hypothalamus) but the precise sequence of events that lead to brain state alternations and the mechanistic understanding of the process are still under debate \[[@B1],[@B5]\]. The lack of an appropriate experimental model for sleep (other than sleep itself) is likely responsible for the difficult progress in this field.

Murine natural sleep is characterized by a very irregular and unpredictable sequence of events. Sleep cycles have been reported to be between 20 seconds and 13 minutes in length, with irregular occurrence of REM states during sleep that can last mere seconds to a few minutes \[[@B6]--[@B9]\]. Respiratory activity during sleep is characterized by a drop in ventilation and respiratory muscle activity during SWS followed by an increase in respiratory frequency and variability preferentially during REM sleep, although ventilatory control and respiratory characteristics can change considerably amongst different mouse strains \[[@B10]--[@B12]\].

The development of transgenic mouse lines provides further experimental power for sleep studies since different neuronal populations can be labelled, selectively activated, and permanently or reversibly silenced. This general approach may provide insight into the functional role and dynamics of structures that are involved in brain state alternations and in the modulation of respiratory networks, as well as provide new working hypotheses on disease physiology and enable mechanistic hypotheses to be tested at both cellular and network levels.

Recently, urethane anesthesia has been demonstrated to be a useful model of sleep dynamics in rats, where spontaneous brain state alternations at neocortical and hippocampal sites replicate, in a reproducible and predictable fashion, the spontaneous alternation between a SWS state and a REM state occurring in natural sleep \[[@B13]\]. In addition, it has also been demonstrated that under urethane, breathing shows changes correlated to these same brain state alternations that correspond to many of the typical respiratory features occurring during natural sleep and its stages \[[@B14]\].

Here we investigated the possibility that similar changes in forebrain activity and respiration occur in adult mice anesthetized with urethane. We show that, similar to rats, mice under urethane show spontaneous brain state alternations and correlated respiratory changes that also mimic sleep patterns. This confirms the potential of urethane anesthesia as a model for sleep across different rodent species and opens up a novel model system for determining mechanistic processes at a molecular and genetic level for sleep-like brain state changes and their physiological correlates.

Materials and Methods {#s2}
=====================

Animal handling and experimental protocols were approved by the Biosciences and Health Science Animal Policy and Welfare Committees of the University of Alberta according to the guidelines established by the Canadian Council on Animal Care.

Acute (urethane-anesthetized) mice preparation {#s2.1}
----------------------------------------------

Thirteen adult male mice (7 CD1 mice and 6 C57BL/6 mice; 25-60g; mean=40.2±4.5g; no statistical difference in weight between the 2 strains, CD1= 47.4±6.3; C57BL/6 33.0±5.1; p=0.11) were used for acute experiments in this study. Mice were initially anesthetized with isoflurane (2% in 100% O~2~) while the femoral vein was cannulated and urethane (\~1.5 g/kg body weight) was gradually delivered i.v. to induce anesthesia. In some cases, when the intravenous route became blocked or proved difficult, urethane was administered or supplemented intraperitoneally to a similar final dosage. Additional doses of anesthesia (at 0.2g/ml concentration in 0.01ml amounts) were delivered as necessary to maintain a surgical plane of anesthesia which was verified on occasion during experiments by lack of reaction to hindpad pressure or other noxious stimuli such as tail pinches. We ensured, as shown previously for rats \[[@B13]\], that these stimulations did not alter the rhythmicity or phase of subsequent brain state alternations. Additional saline (0.1ml) was delivered subcutaneously every two hours in order to maintain hydration levels. A servo-controlled heating pad was set at 36-37±1°C to maintain body temperature (model 50-7220, Harvard Apparatus) and rectal temperature was continuously recorded during a subset of experiments (n=4).

Bipolar EMG wire electrodes made with multi strand, Teflon-coated, stainless steel wires (Cooner Wire, Chatsworth, CA) were inserted into the genioglossus (GG), oblique abdominal (ABD), and intercostal muscles (INT) to measure breathing characteristics. For GG~EMG~ placement, a skin incision was performed under the chin to expose the digastric muscle which lies above the mylohyoid and genioglossus muscles. Insulated wires with a 1mm length exposure were then inserted through the genioglossus muscle at 1-2mm distance from each other. For ABD~EMG~ placement, a skin incision was performed on the right side of the abdomen, just below the rib cage and bipolar electrodes were placed in the oblique ABD muscle at 1-2mm distance from each other. Skin incisions were then sutured back to avoid drying of the muscles. For INT~EMG~ placement, a skin incision was performed on the right side of the chest and the pectoral muscle was displaced in order to expose the intercostal muscles. Bipolar electrodes were placed in the intercostal muscles at 1-2mm distance from each other. Skin was then sutured back together. Bipolar signals were amplified at 10,000X gain and filtered between 100 and 20kHz using a differential amplifier (model 1700, AM-Systems Inc, Carlsborg, WA).

Mice were then positioned on a stereotaxic frame and bipolar electrodes made with Teflon-coated stainless steel wires (\~1mm vertical stagger; AM-Systems Inc.) were implanted in the hippocampal formation (HPC) according to the following coordinates relative to bregma: anterior-posterior (AP): -2.0; mediolateral (ML): ±1.5; dorsoventral (DV): -1.5 to -2.0mm. Local field potential (LFP) signals were amplified across contacts at 1000X gain and filtered between 0.1 and 10kHz bandwidth using the same differential amplifiers as for EMG. Hippocampal electrodes were lowered in the DV axis just below the position where a marked increase in multiunit discharge was detected via an audio amplifier (model 3300, AM-systems, Inc) and a prominent theta rhythm could be observed in the LFP. This corresponded to a relative position of both poles of the electrode across the pyramidal layer of CA1. Electrodes were then fixed to the skull by jeweler's screws and dental acrylic.

Mice were allowed to stabilize for an hour before recordings took place. All recordings were made in a small, quiet, and artificially lit room and were always made while mice were positioned (using indwelling ear bars) in the stereotaxic apparatus which was oriented away from the centre of the room on a vibration proof table. They were spontaneously breathing room air. Thus, they had extremely limited (and virtually unchanging) external visual, auditory, somatosensory, and olfactory stimulation. All signals were sampled at 2 kHz following automatic antialiasing filtering using a PowerLab 16/30 data acquisition system (A D Instruments Inc., Colorado Springs, CO). At the end of the experiment, mice were euthanized by urethane overdose.

Data analysis {#s2.2}
-------------

During urethane anesthesia, REM-like and SWS-like states were identified by performing spectrographic analysis on moving 6s intervals and calculating the percentage of total power at specific frequencies in LabChart Pro7 software. In this set of experiments, we used hippocampal LFPs in order to clearly identify the activated (i.e., REM-like) state by the expression of activity in the theta frequency range (3-4Hz) and the deactivated state (e.g. SWS-like) by the expression of the slow oscillation (\~1Hz). Since spontaneous brain state alternations can be observed simultaneously from both cortical and hippocampal recording sites in rats, measurements in either site provide an accurate identification of forebrain state \[[@B13]--[@B15]\]. Indeed, we have found in these earlier studies that hippocampal theta provides a more sensitive index of forebrain activation. Since hippocampal activated (REM-like) states are characterized by a 3-4Hz theta rhythm, this state was defined when the power in the HPC recordings at the 3-4 Hz interval was ≥ 40% of total power for 3 consecutive 6 s intervals (FFT size 16K, Cosine Bell data window with 25% overlap). Conversely, a deactivated (SWS-like) state was defined when hippocampal power in the 0.2-1.2 Hz bandwidth was ≥40% of total power for 3 consecutive 6 s intervals. Periods that did not meet these two conditions (when power in the 3-4 Hz and 0.2-1.2 Hz bandwidths was \< 40% of total power) were identified as transition states. Transition states have also been characterized during both urethane anesthesia and natural sleep in rodents as demonstrating transient (less than 0.5s in duration) neocortical oscillatory (7--15 Hz) spindle events, consistent with activity during stage 2 nREM sleep \[[@B13]\].

The rhythmic interaction of forebrain state alternations and fluctuations in body temperature, previously shown to be linked in urethane-anesthetized rats \[[@B16]\], were assessed in mice with continuous recordings of temperature (n=4). For this purpose, brain state was characterized by the log ratio of power in the theta and slow oscillation ranges from hippocampal LFP recordings. Using custom Matlab code (V 5.3, The MathWorks, Natick, MA), both power and temperature signals were down sampled to 10Hz, detrended and normalized to have peak to peak amplitudes of 1. Both autocorrelation and cross correlation functions were assessed on these processed signals, again in Matlab. The average period was calculated from the time of the first positive peak at non zero lag in the autocorrelation function and the lag across signals was similarly calculated from the time of the first positive peak closest to the zero lag in the cross correlation function. Phase angles were calculated by dividing the time lag across signals by the period of the alternations and multiplying by 360.

Raw respiratory muscle EMG activity was rectified and integrated (time constant decay 0.08s); baseline and peak amplitude was calculated with the peak analysis application in LabChart7 Pro software. Respiratory period was obtained by measuring the time between two consecutive peak inspiratory events. In order to measure respiratory variability we obtained the coefficient of variation of the period by calculating the standard deviation of the respiratory period divided by its mean for each state across experiments.

Sighs were identified by the presence of an augmented respiratory effort (\>50% increase in integrated GG~EMG~ peak amplitude in comparison to a regular breath) \[[@B17]--[@B20]\].

Single values were averaged according to the state and 1-tail paired t tests (for measurements across different states) and 2-tail unpaired t tests (for comparisons across the two mice strains) were used to determine significance of results. Data values are reported as mean ± standard error of the mean.

Results {#s3}
=======

Brain state alternations in mice under urethane anesthesia {#s3.1}
----------------------------------------------------------

Similar to what has been previously demonstrated in adult rats \[[@B13]--[@B15]\], 10 of 13 mice under urethane anesthesia displayed clear spontaneous brain-state alternations ([Figure 1)](#pone-0070411-g001){ref-type="fig"}. In the 3 remaining mice, two were excluded for poor quality LFP signals that made automated determination of brain state difficult (although brain state alternations were apparent visually) and one did not display any systematic alternations despite good quality recordings. In total, we analyzed 24.33 hours of spontaneous recordings from 10 mice (5 CD1 and 5 C57BL/6). There were no significant differences in the various parameters extracted from any EEG and respiratory signal between the two strains (p\>0.05 in all t-test between strains), therefore we report data both for individual strains and pooled data ([Table 1)](#tab1){ref-type="table"}.

![Spontaneous brain state alternations in urethane anesthetized mice.\
A) Long-term EEG recording of hippocampal activity (HPC) and corresponding power spectrogram (1-10Hz frequency range) during spontaneous brain state alternations under urethane anesthesia. Below, the percentage of relative power (% PWR~T~) in the 3.5-4.5 and 0.2-1.2 Hz intervals and their ratio (on log scale) are displayed. Grey lines at the 40% of relative PWR~T~ indicates the cutoff values for the identification of different states (REM-like, transition, SWS-like). Schematic blocks at the bottom of the plot indicate the time spent in REM-like (red), transition (white) and SWS-like (black) states. B) Power spectral analysis for HPC activity during SWS-like, REM-like and transition states further indicate the prevalence of \~1Hz power during SWS-like state and the prevalence of \~4Hz power during REM-like events. Note the increase in gamma band (25-40 Hz) frequency during REM-like state compared to SWS-like state. C) Magnification of the raw HPC traces in SWS-like (left), REM-like (centre) and transition (right). Blue vertical lines indicate the time point from which the traces are taken.](pone.0070411.g001){#pone-0070411-g001}

###### EEG and respiratory characteristics in CD1 and C57BL/6 mice across states.

                                CD1                     C57BL/6                 CD1 +C57BL/6
  ----------------------------- ----------------------- ----------------------- -----------------------
  Cycle length (min)            11.22±2.11 (5)          16.15±1.32 (5)          13.90±1.38 (10)
  REM-like state (min)          3.35±0.63 (28.9±5.1%)   4.37±0.73 (27.7±6.1%)   3.85±0.48 (28.3±3.7%)
  Transition state (min)        2.50±0.45 (21.6±3.7%)   3.08±0.47 (18.1±1.6%)   2.78±0.32 (19.8±1.9%)
  SWS-like state (min)          5.98±1.48 (49.5±7.6%)   9.25±1.47 (54.2±4.8%)   7.62±1.12 (51.9±4.3%)
  REM-like resp. period (s)     0.40±0.03 (5)           0.42±0.03 (5)           0.41±0.02 (10)
  Transition resp. period (s)   0.41±0.02               0.47±0.04               0.44±0.02
  SWS-like resp. period (s)     0.42±0.02               0.48±0.04               0.45±0.02
  REM-like CV period (s)        0.20±0.06 (5)           0.28±0.05 (5)           0.24±0.04 (10)
  Transition CV period (s)      0.16±0.04               0.23±0.06               0.19±0.03
  SWS-like CV period (s)        0.19±0.05               0.17±0.04               0.18±0.03
  REM-like sigh/hr              45.9±7.5 (5)            57.5±9.0 (5)            51.7±5.8 (10)
  Transition sigh/hr            40.1±8.4                46.9±11.6               43.5±6.8
  SWS-like sigh/hr              39.9±9.2                27.9±6.4                33.9±5.6
  ∫INTpeak (REM/SWS)            1.01±0.04 (5)           0.95±0.09 (5)           0.98±0.04 (10)
  ∫INTpeak (REM/trans)          1.01±0.02               0.91±0.03               0.97±0.03
  ∫GGpeak (REM/SWS)             0.88±0.03 (3)           0.79±0.05 (5)           0.82±0.04 (8)
  ∫GGpeak (REM/trans)           0.94±0.04               0.85±0.03               0.88±0.03
  ∫ABDpeak (REM/SWS)            1.19±0.14 (2)           1.99±0.24 (2)           1.60±0.26 (4)
  ∫ABDpeak (REM/trans)          1.09±0.05               1.34±0.08               1.22±0.08

Average data for brain state alternations and respiratory characteristics according to mice line (CD1, C57BL/6 or pooled data). Percentages in brackets indicates the percentage of time spent in each cycle. Number in italics indicates the number of mice used.

Brain activity displayed quasi-rhythmic transitions between an activated (REM-like) state and a deactivated (SWS-like) state. The REM-like state was characterized by high power in the theta frequency bandwidth (range: 3.5-4.5 Hz) with a corresponding increase in power through the gamma band (25-40Hz), consistent with the expression of gamma activity during both natural sleep and during anesthesia in previous studies \[[@B21],[@B22]\]. The SWS-like state was characterized by high power slow oscillation (SO) bandwidth (range: 0.2-1.2 Hz). In between these two states, a transition period was identified which exhibited intermediate electrographic characteristics (\<40% power in both theta and SO frequency bands).

The average duration (period) of state alternations was 13.90±1.38 min (CD1= 11.22±2.11min, n=5; C57BL/6= 16.15±1.32min, n=5; p=0.08; [table 1)](#tab1){ref-type="table"}, again comparable to that shown in rats \[[@B13]\]. During these alternations, the average time spent in the activated (REM-like) phase was 3.85±0.48 min which constituted 28.3±3.7% of cycle time (CD1=3.35±0.63min; C57BL/6=4.37±0.73min; p=0.32). For the transition phase the average duration was 2.78±0.32min which constituted 19.8±1.9% of cycle time (CD1=2.50±0.45min; C57BL/6=3.08±0.47min; p=0.40) and finally 7.62±1.12 min or 51.9±4.3% of cycle time was spent in the deactivated (SWS-like) phase (CD1=5.98±1.48min; C57BL/6=9.25±1.47 min; p=0.16).

Once mice developed spontaneous brain state alternations, the state changes persisted for several hours, further supporting the hypothesis that the alternations are intrinsic to the anesthetic effect induced by urethane and not generated by a gradual waning of the anesthetic level. Indeed, as previously confirmed in rats \[[@B13]\], we ensured that mice were always at a surgical plane of anesthesia, regardless of state. Although variable in timing across animals, the fluctuations in power and the period at which they alternated tended to be consistent within the same animal with occasional transient shortenings. Since our conditions were always similar across animals, it is unlikely that this variability was due to environmental conditions.

In a subgroup of mice (n=4), we simultaneously measured core body temperature in order to evaluate any coupling between this measure and brain state alternations ([Figure 2)](#pone-0070411-g002){ref-type="fig"}. As previously shown in rats \[[@B16]\], rhythmic coupling was observed in all cases (albeit in 1 case, the coupling was weaker and transient across samples). This was observed from the similar period of fluctuations of power and temperature as shown by autocorrelation functions and by a parallel rhythmicity in the cross correlation function. Cross correlation functions between power ratios describing forebrain state alternations and body temperature showed that temperature peaks lagged behind those of power at an average of 3.68 ± 0.62 minutes (corresponding to an average Raleigh phase angle of 69.7^°^). Interestingly, this coupling was strongest for experiments in which the period of state alternations was extended. Indeed, in the above data, the average period of state alternations was 19.15±0.37 minutes.

![Spontaneous brain state alternations are coordinated with fluctuations in body temperature.\
A) Core temperature measurements (upper trace) and state alternations, as shown by fluctuations in theta/slow oscillation (4Hz/1Hz) power ratios in hippocampal LFP (lower trace), appear rhythmically coordinated over a long recording period. B) Autocorrelation function (top panel) of traces shown in A) demonstrate rhythmicity of both temperature (black) and power (red) fluctuations occurring at a similar period of approximately twenty minutes. Cross correlation function (lower panel) between temperature and power measures shows coupling between these rhythms with peak in temperature lagging behind that of power by slightly over 4 minutes.](pone.0070411.g002){#pone-0070411-g002}

In a further subgroup of six mice (4 C57BL/6 and 2 CD1mice), we also assessed the influence of additional doses of anesthesia on cyclic state alternations ([Figure 3)](#pone-0070411-g003){ref-type="fig"}. In four animals, supplemental doses of anesthesia (2-4mg -0.01-2ml) did not affect the duration nor the periodicity of brain state alternations (15.6±5.4 versus 16.0±5.1 minutes, p=0.38) but did significantly reduce the time spent in REM-like state (from 28.1±2.5% to 15.4±2.6%, p=0.04). Although increases were observed in both SWS-like (55.8±6.0% to 64.3±5.2%; p=0.18) and transition states (17.4±6.2% to 22.7±4.5%; p=0.4) neither of these latter changes achieved statistical significance ([Figure 3)](#pone-0070411-g003){ref-type="fig"}. In addition to a significant decrease in the duration of the activated state, the proportion of 4Hz power during REM-like states decreased to 56.1±10.2% (p=0.048) of pre infusion values. In a further two experiments, additional doses of anesthesia temporarily disrupted brain state alternations (with maintenance of a persistent SWS-like state for 32.8 and 50.13 min, respectively. After this time, state transitions then resumed at a similar period (14.2±4.2 versus 15.7±1.6 min, p=0.5).

![Supplemental doses of urethane anesthesia do not affect rhythmicity of brain state alternations.\
Long term EEG recording at the HPC site and its corresponding percentage of total power calculated in the 3-4Hz range and for 0.2-1.2Hz range during regular brain state transitions under urethane anesthesia and supplemental dose of urethane (0.02ml at 0.2 g/ml dose). Note the temporary depression of power in the theta range (asterisk) followed by the resumption of regular brain state alternations.](pone.0070411.g003){#pone-0070411-g003}

Breathing shows state dependencies in mice under urethane anesthesia {#s3.2}
--------------------------------------------------------------------

A variety of respiratory measures are strongly correlated to brain state changes under urethane anesthesia in adult rats \[[@B14]\] in a fashion that reproduces breathing characteristics during natural sleep in both humans and rats \[[@B14],[@B23]--[@B27]\]. We therefore investigated if respiratory parameters are also affected by brain state alternations in urethane anesthetized mice ([Figure 4](#pone-0070411-g004){ref-type="fig"} [table 1)](#tab1){ref-type="table"}.

![State dependent modulation of breathing in urethane anesthetized mice.\
A) Long-term EEG recording at the HPC site and corresponding respiratory frequency (breath per minute, BPM) and rectified and integrated activity of intercostals (INT), genioglossus (GG) and abdominal (ABD) muscle EMG activity across spontaneous brain state alternations. Schematic block at the bottom of the plot indicate time spent in REM-like (grey), transition (white) and SWS-like (black) states. B) Details of the HPC trace, BPM and raw and integrated traces of INT, GG and ABD EMG in REM-like (left), transition (centre) and SWS-like states.](pone.0070411.g004){#pone-0070411-g004}

The average respiratory period across states was 0.41±0.02s (CD1=0.40±0.03s, n=5; C57BL/6=0.42±0.03s, n=5; p=0.60), 0.44±0.02s (CD1=0.41±0.02s; C57BL/6=0.47±0.04s; p=0.18) and 0.45±0.02s (CD1=0.42±0.02s; C57BL/6=0.48±0.04s; p=0.24) for REM-like, transition and SWS-like states, respectively (corresponding to frequencies of 149.03±7.14, 139.4±6.7 and 137.0±6.9 breaths per minute, respectively; n=10). In a within-subjects comparison, the respiratory period was significantly shorter (i.e. faster) in the REM-like state in comparison to both transition (p=8.8x10^-3^) and SWS-like (p=4.9x10^-3^) states. Respiratory variability, as measured by the coefficient of variation of the respiratory period, was higher in the REM-like state (0.24±0.04; CD1= 0.20±0.06; C57BL/6=0.28±0.05; strain comparison p=0.33) in comparison to both transition (0.19±0.03; p=0.025; CD1=0.16±0.04; C57BL/6=0.23±0.06; strain comparison p=0.34) and SWS-like states (0.18±0.03, p=0.016; CD1=0.19±0.05; C57BL/6=0.17±0.04; strain comparison p=0.83; n=10). The occurrence of sighs, augmented breaths characterized by an increased (\>50%) inspiratory effort in both diaphragm, INT, and GG muscles that significantly increases tidal volume \[[@B20]\], was also higher during the REM-like state (51.7±5.8 sighs/hr; CD1=45.9±7.5; C57BL/6=57.5±9.0; strain comparison p=0.35) in comparison to both transition (43.5± 6.8sighs/hr p=0.03; CD1= 40.1±8.4; C57BL/6=46.9±11.6; strain comparison p=0.64) and SWS-like (33.9±5.6 sighs/hr; p=0.01; CD1= 39.9±9.2; C57BL/6=27.9±6.4; strain comparison p=0.31) states. Reduced period, increased variability and sigh rate during REM-like states are also typical breathing characteristics of urethane anesthetized rats \[[@B14]\] and of natural REM sleep in both humans and rodents \[[@B23]--[@B27]\].

The activity of INT (n=10), GG (n=10) and ABD (n=7) muscles was also monitored by using bipolar EMG electrodes ([Figure 4)](#pone-0070411-g004){ref-type="fig"}. Integrated peak amplitude of INT~EMG~ was not affected by states (-3.1±3.1% decrease REM-like versus transition, p=0.08; -1.8±4.8% decrease REM-like versus SWS-like, p=0.22; see table for details of changes across states in the 2 strains, p\>0.05).

When active, GG~EMG~ was consistently rhythmic and in phase with inspiration ([Figure 4)](#pone-0070411-g004){ref-type="fig"}. In 8 out of 10 mice, the integrated amplitude of GG~EMG~ activity was significantly modulated by state. Integrated peak amplitude of GG~EMG~ during REM-like states was reduced on average to 82.3±4.0% (p=6.6x10^-3^) of SWS-like state values and to 88.5±3.2% (p=0.04) of transition state values (n=8). In one of the remaining mice the amplitude of GG~EMG~ activity remained consistent across brain states and was rhythmically related to inspiration whereas in another mouse we could not detect any respiratory related signal. These changes are consistent with those observed in rats during both natural sleep and under urethane anesthesia \[[@B14],[@B28],[@B29]\].

ABD~EMG~ activity was either absent (n=3) or had expiratory-related rhythmicity (n=4). In these latter mice, ABD activity displayed state dependent modulation, with integrated peak activity in REM-like state that was increased by 22.1±8.2% (p=0.02) as compared to transition states and increased by 59.6±25.6% (p=0.03) as compared to SWS-like states ([Figure 3)](#pone-0070411-g003){ref-type="fig"}. This was again consistent with previous work performed in adult rats, where, although variable in occurrence, expiratory ABD~EMG~ activity displayed a prominent association with state in both urethane anesthesia and natural sleep \[[@B14]\].

In contrast to the above changes described for spontaneous state alternations, we additionally found that there was a marked difference in EMG activity elicited by a noxious stimulus delivered to the pad or tail which concomitantly induced a transient forebrain activation of hippocampal EEG. In both GG and INT traces, the delivery of this activating stimulus was associated with a modest increase in muscle tone. This suggests that brain activation achieved by noxious stimuli is not identical to that elicited spontaneously.

Discussion {#s4}
==========

Urethane anesthesia {#s4.1}
-------------------

Urethane anesthesia has been widely used for a variety of physiological, and especially neurophysiological, experimental paradigms. Despite a relatively common usage, its exact mechanism of anesthetic action is still unknown. Urethane is considered to be a non-typical general anesthetic due to its only moderate effects on both excitatory and inhibitory neurotransmission \[[@B30]\] in contrast to other commonly used veterinary/scientific anesthetics (isoflurane, propofol, ketamine, and barbiturates), which typically display a primary action of promoting inhibitory GABAergic neurotransmission, reducing excitatory glutamaterigic transmission, or both \[[@B31]--[@B34]\]. One of urethane's most prominent cellular effects is the hyperpolarization of cortical neurons via potentiation of a resting potassium conductance \[[@B35]\]. Interestingly, modulation of potassium conductances that are active in the sub-threshold range (albeit different varieties) has been proposed to be important for producing a "sleepless" Drosophila mutant \[[@B36]\] and in the neurophysiological actions of adenosine, a classic and naturally occurring somnogenic agent \[[@B37]\]. This leads to the speculation that modulation of intrinsic membrane excitability as opposed to actions on either excitatory or inhibitory synaptic transmission may be a common mechanism for the maintenance of unconsciousness during both urethane anesthesia and natural sleep.

Although our group was not the first to describe spontaneous brain state alternations under urethane anesthesia, a common and continuing mis-interpretation is that the activated state is indicative of a reduced (wake-like) level of anesthesia \[[@B38]--[@B41]\]. We previously, and conclusively, demonstrated that this is not the case with urethane-anesthetized rats \[[@B13]\]. Across brain state alternations, there was no change in the level of responsiveness to a painful stimulus nor was there an increase in tonic skeletal muscle tone when transitioning to activated states. Indeed spontaneous activated states under urethane, as with natural REM, were often characterized by a reduction in tonic skeletal muscle tone \[[@B13]\]. This is in contrast to the effects of delivering noxious stimuli to urethane anesthetized animals that can also activate the forebrain but that *increase* skeletal (as well as GG and INT~EMG~ respiratory) muscle tone. In the present study, severe tail or hind paw pressure could activate both forebrain state and GG/INT~EMG~, but spontaneous changes into activated states showed the opposite profile on GG~EMG~ activity and had no effects on INT~EMG~. Thus, given the host of other physiological variables that also parallel changes across the sleep cycle including temperature and ventilation \[[@B14],[@B16]\], as well as the influence of pharmacological and brainstem manipulations known to influence sleep states \[[@B13]\] we conclude that the spontaneous alternations present under urethane most closely resemble the natural sleep cycle between REM and SWS.

In a previous study \[[@B16]\] we discovered that thermal manipulations, similar to natural sleep, had a significant impact on brain state in urethane-anesthetized rats and could be an entraining influence upon their alternations. We also showed that despite this influence, brain state alternations and temperature fluctuations could be shown to be mutually independent, although they are likely coupled biological oscillators. In the present study, we took great care to ensure that any external fluctuations of heating were minimized by using a homeostatic system without marked feedback cycling. Even with the use of this system, like with our previous results in rats, we were able to demonstrate a significant and strong sleep-like coupling of brain state alternations to core temperature fluctuations in a majority of experiments.

Our present results show that spontaneous transitions are not simply a species-specific reaction of rats to urethane anesthesia but that they also occur in mice. Similar to rats, the timing of brain state alternations is comparable to spontaneous uninterrupted SWS/REM cycles occurring in natural sleep of mice \[[@B7],[@B9]\]. Furthermore, although our sampling was limited (n= 5 in each case), we did not observe any significant differences in neurophysiological or respiratory measures between the two different mouse strains we used; the outbred CD1 and inbred C57BL/6 strain. These results contrast with the reported changes in ventilatory behavior across different inbred mice strains \[[@B10],[@B42]--[@B44]\], although it has been shown that possible strain differences may be hampered by the use of urethane anesthesia \[[@B42]\]. We are not aware of any direct comparison of ventilator parameters between C57BL/6 and CD1 mice strains, however differences in neuroanatomy, behavior and pharmacological properties have been reported \[[@B45]--[@B48]\]. The current results suggest that mice under urethane anesthesia present a stereotyped alternation of brain state and respiratory behavior that makes differences between CD1 and C57BL/6 strains indistinguishable.

State dependent modulation of breathing in urethane anesthetized mice.

Similar to what we reported in adult rats \[[@B14]\], we observed obvious state dependent changes in several respiratory parameters in mice. In contrast to our previous results in rats, transition states (characterized by weak power in the hippocampus at both 4Hz and 1Hz frequencies) displayed respiratory characteristics more similar to the SWS-like states than REM-like states. This phenomenon may be due to differences in the intrinsic properties of the neuronal networks that control respiratory parameters in mice. Nonetheless, in mice, respiratory rate and respiratory variability were significantly increased during REM-like states compared to SWS-like and transition states. These changes reproduced what happens in natural sleep of both humans \[[@B23]--[@B27]\] and rodents \[[@B10],[@B12]--[@B14],[@B49]\]. Sigh rate was higher in REM-like state versus SWS-like state, similar to what we observed in urethane anesthetized rats and what is observed in natural sleep in humans \[[@B25]--[@B27]\] and in rats \[[@B14]\]. Interestingly, very few studies have analyzed sigh frequency in mice across sleep states and they reported a reduction in sigh/hr during REM state compared to SWS \[[@B12],[@B50]\]. This discrepancy between human and rat natural sleep data and our urethane anesthetized data in mice may be due to the very limited time mice spend in REM epoch (≤ 2min) \[[@B7],[@B8]\] which makes sigh rate calculations extremely challenging or impossible in addition to the fact that sighs can often occur at the transitions between SWS and REM states \[[@B14]\].

When the activity of different respiratory muscles was examined, including INT, GG, and ABD, we detected systematic differences across states as well. For INT muscle activity there was no significant change across states, similar to our previous results in urethane anesthetized rats \[[@B14]\] and naturally sleeping rats \[[@B49],[@B51]\], where both diaphragm and INT muscles do not show significant and consistent changes in EMG activity across states. However, reduced activity in external INT muscle is sometimes observed in humans during REM compared to SWS states \[[@B52]\].

The activity of the GG muscle was consistently reduced in REM-like epochs compared to SWS-like and transitions states, similar to what happens in natural sleep of humans and rodents, where both tonic and respiratory modulated activity of the GG muscle progressively declines as sleep progresses from wakefulness to SWS and REM sleep \[[@B14],[@B28],[@B29],[@B53]--[@B55]\]. We are not aware of studies on GG~EMG~ activity in unanesthetized mice across sleep/wake cycles, but, as demonstrated by activity of the correlated masseter muscle in mice and humans \[[@B56],[@B57]\], we are quite confident that our data on GG~EMG~ activity in urethane anesthetized mice replicates the state dependent modulation that is present in humans, rats, and very likely in mice. These results further support the opportunity of using urethane anesthesia for the study of mechanisms governing state dependent modulation of GG activity in mice as well.

Similar to our results in both natural sleep and under urethane anesthesia \[[@B14]\], we observed occasional increases in expiratory-related muscle activity at the level of ABD muscles. These results suggest that in the activated states of urethane anesthetized mice, expiratory related activity may also be recruited in order to favor ventilation when inspiratory activity is more irregular and variable.

These results support the hypothesis that under urethane anesthesia, state dependent modulation of respiratory muscles occurs in a fashion that reproduces what happens in natural sleep, therefore allowing for mechanistic analysis of respiratory muscle control in an anesthetized preparations that display spontaneous and predictable changes that replicate phenomena occurring during natural sleep.

In conclusion, the observation that urethane anesthesia recapitulates natural sleep-like alternations in mice as well as in rats, opens the possibility of applying this model of sleep to study cellular and network mechanisms in different transgenic mice that display aberrant brain activity, sleep pattern and/or respiratory disturbances, such as mouse models for respiratory disorders (congenital central hypoventilation syndrome, Prader Willi syndrome) or transgenic mice that display either constitutive or inducible activation or silencing of specific neurons involved in brain state alternations or in respiratory control across states.
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